Jia Q, Hu S, Jiao D, Li X, Qi S, Fan R. Synaptotagmin‐4 promotes dendrite extension and melanogenesis in alpaca melanocytes by regulating Ca^2+^ influx via TRPM1 channels. Cell Biochem Funct. 2020;38:275--282. 10.1002/cbf.3465 31743468

1. INTRODUCTION {#cbf3465-sec-0003}
===============

Synaptotagmins (SYTs) constitute a large family of membrane proteins that regulate membrane traffic in neurons and other types of cells[1](#cbf3465-bib-0001){ref-type="ref"}, which are characterized by their distinct distributions patterns and different biochemical features.[2](#cbf3465-bib-0002){ref-type="ref"} The members of this protein family are likely to function as calcium sensors in calcium‐regulated events in neurons.[2](#cbf3465-bib-0002){ref-type="ref"} One isoform, SYT4, serves as a postsynaptic Ca^2+^ sensor that releases retrograde signals to stimulate enhanced presynaptic function through the activation of the cyclic adenosine monophosphate (cAMP)‐dependent protein kinase pathway.[3](#cbf3465-bib-0003){ref-type="ref"} SYT4 inhibited SNAP \[soluble *N*‐ethylmaleimide--sensitive factor attachment protein\] receptor (SNARE)‐catalysed membrane fusion in both the absence and presence of Ca^2+^. Rat SYT4 could stimulate fusion in response to Ca^2+^ when the conserved Asp‐to‐Ser Ca^2+^ ligand substitution to the C2A domain was changed.[4](#cbf3465-bib-0004){ref-type="ref"} SYT4 contains two internal repeats that have homology with the C2 domain of protein kinase C (PKC).[5](#cbf3465-bib-0005){ref-type="ref"} This domain is known to regulate the calcium‐dependent translocation of PKC to membranes and is present in many proteins with different functions.[5](#cbf3465-bib-0005){ref-type="ref"}, [6](#cbf3465-bib-0006){ref-type="ref"} In SYTs, the two C2 domains are responsible for different calcium‐dependent and calcium‐independent reactions. SYT4 was shown to be expressed in muscle cells at the Drosophila neuromuscular junction.[3](#cbf3465-bib-0003){ref-type="ref"} SYT4 is localized on insulin granules and transcriptional regulation of SYT4 affects insulin secretion.[7](#cbf3465-bib-0007){ref-type="ref"} SYT4 is an integral vesicle protein present on brain‐derived neurotrophic factor (BDNF)‐harbouring dense core vesicles (DCVs) in neurons.[8](#cbf3465-bib-0008){ref-type="ref"} SYT4 regulates the capture and spatial distribution the DCVs in hippocampal neurons.[9](#cbf3465-bib-0009){ref-type="ref"} In a previous study, we found that SYT4 is expressed in mouse melanocytes and B16 melanoma cells.[10](#cbf3465-bib-0010){ref-type="ref"}

In the electron transfer system, calcium is important for both melanocyte function and survival.[11](#cbf3465-bib-0011){ref-type="ref"} An increase in intracellular free Ca^2+^ may be important in stimulating melanogenesis.[12](#cbf3465-bib-0012){ref-type="ref"} Transient receptor potential melastatin (TRPM) is a subfamily of ion channels that was originally identified as melanoma metastasis suppressor based on its expression in normal pigment cells in the skin and eye.[13](#cbf3465-bib-0013){ref-type="ref"} TRPM1 (also known as melastatin) expression and intracellular Ca^2+^ levels are significantly lower in rapidly proliferating melanocytes compared with their levels in slow growing, differentiated melanocytes.[14](#cbf3465-bib-0014){ref-type="ref"} Knocking down TRPM1 resulted in decreases in tyrosinase activity and intracellular melanin pigment levels.[15](#cbf3465-bib-0015){ref-type="ref"} Calcium‐ and CAMK4, a cytoplasm and nucleus protein, is activated by Ca^2+^/calmodulin and is a multifunctional serine/threonine protein kinase,[14](#cbf3465-bib-0014){ref-type="ref"} and nuclear effector of the Ca^2+^/calmodulin kinase (CAMK) pathway, where it coordinates transcriptional responses.[15](#cbf3465-bib-0015){ref-type="ref"} CAMK4 phosphorylates CREB by acting upstream of CREB activation in β cells[16](#cbf3465-bib-0016){ref-type="ref"} and in neurons.[17](#cbf3465-bib-0017){ref-type="ref"} CREB activates transcription of MITF, which consequently triggers the transcription of downstream melanogenic genes such as TYR, TYRP1 and DCT.[18](#cbf3465-bib-0018){ref-type="ref"} Mammalian melanocytes originate from neural crest cells.[19](#cbf3465-bib-0019){ref-type="ref"} Therefore, we predicted that SYT4 leads to pigmentation in a process that is not completely understood.

2. MATERIALS AND METHODS {#cbf3465-sec-0004}
========================

2.1. Construction of DNA recombination {#cbf3465-sec-0005}
--------------------------------------

The complete coding sequences (CDSs) of wild‐type alpaca and mouse SYT4 were amplified by reverse transcription polymerase chain reaction (PCR) using a kit and gene‐specific primers (Table [1](#cbf3465-tbl-0001){ref-type="table"}) and subcloned into a pMD‐19T vector to generate pMD‐19T‐SYT4 plasmids. The SYT4 inserts were liberated from pMD‐19T‐SYT4 using endonucleases NotI and XhoI and ligated into a pVAX1 expression vector to construct pVAX1‐SYT4. The sequence of the construction was verified by restriction digestion and DNA sequencing. In addition, based on the mouse SYT4 CDS sequence, three SYT4 short hairpin RNAs (shRNAs) and negative controls (NCs) designed to target the mouse SYT4 mRNA were obtained from Sangon Biotech (Shanghai, China).

###### 

Primers used in this study

  Primer Name       Primer Sequence 5′‐3′                 Annealing Temperature, °C
  ----------------- ------------------------------------- ---------------------------
  SYT4‐F            ATAGCGGCCGCATGGCTCCTATCACCACCAGCCGC   64
  SYT4‐R            ATCCTCGAGTATGGCTCCTATCACCACCAG        
  SYT4‐F‐RT         CCTCGTCTTCACTGTCTCTCTCTTT             58
  SYT4‐R‐RT         TTCACTTCACTCTTGTCATCTCCTC             
  MITF‐F (alpaca)   TCCCAAGTCAAATGATCCAG                  52
  MITF‐R (alpaca)   GAGCCTGCATTTCAAGTTCC                  
  DCT‐F (alpaca)    CCAGGGCGCCCATACAAGGC                  60
  DCT‐R (alpaca)    GCTGGTCTGTGCACACN(1/2G,1/2A)TCA       
  18S‐F (alpaca)    GAAGGGCACCACCAGGAGT                   50‐64
  18S‐R (alpaca)    CAGACAAATCACTCCACCAA                  
  MITF‐F (mus)      GAGCAGAGCAGGGCAGAGAGTGAGT             60
  MITF‐R (mus)      TGGGAAGGTTGGCTGGACAGGAGTT             
  TYR‐F (mus)       TGAAAATCCTAACTTACTCAGCCCA             60
  TYR‐R (mus)       TCAAACTCAGACAAAATTCCACATC             
  TYRP1‐F (mus)     CCATTGCTGTAGTGGCTGCGTTGTT             61
  TYRP1‐R (mus)     GGAGAGGCTGGTTGGCTTCATTCTT             
  DCT‐F (mus)       TTGCTCTTGGGGTTGCTGGCTTTTC             61
  DCT‐R (mus)       TCCTCCGTGTATCTCTTGCTGCTGA             
  β‐actin (mus)     TTGCTGACAGGATGCAGAAG                  50‐64
  β‐actin (mus)     ACATCTGCTGGAAGGTGGAC                  

2.2. Cell culture and transfection {#cbf3465-sec-0006}
----------------------------------

Melanocytes used in this study were established by our lab and were maintained as previously described. B16‐F10 cells are commercially got from Cell Research (Shanghai,China) Melanocytes and B16‐F10 cells were transfected with pVAX1‐SYT4, Sh‐SYT4 and the negative control plasmid using Lipofectamine 2000 (Invitrogen) according to the manufacturer\'s instructions. Three days after transfection, the cells were collected. Cell lysates and total RNA were prepared and subjected to Western blot and real‐time quantitative PCR analyses, respectively.

2.3. Total RNA isolation and quantitative real‐time PCR analysis {#cbf3465-sec-0007}
----------------------------------------------------------------

Total RNA from transfected cells was extracted with TRIzol reagent (Invitrogen) according to the manufacturer\'s instructions and treated with DNase I (MilliporeSigma, Burlington, MA, USA). For mRNA quantification, 1 μg of total RNA was converted by a cDNA synthesis kit (TaKaRa, Dalian, China) according to the manufacturer\'s instructions, and qPCR was performed using SYBR Green PCR master mix (TaKaRa). For analyses, qPCR was performed with SYBR Green PCR Master Mix (TaKaRa) on a 7500 Fast Real‐Time PCR system (Thermo Fisher Scientific). The primer sequences are listed in Table [1](#cbf3465-tbl-0001){ref-type="table"}. Melting curves for each sample were analysed to validate the amplification specificity. All mRNAs were normalized to the amount of 18S mRNA. Quantification of mRNA transcript abundance was performed by using the comparative threshold cycle method. The significance the differences in the levels of mRNA was determined by ANOVA (SPSS 11.5 Software; IBM, Armonk, NY, USA).

2.4. Western blotting {#cbf3465-sec-0008}
---------------------

Protein samples from transfected cells were got by and were separated on 10% or 8% SDS‐PAGE gels and transferred to nitrocellulose membranes. The membranes were blocked with 5% skim milk for 1 hour and incubated overnight at 4°C with the following diluted primary antibodies against SYT4 (1:1000, Abcam, Cambridge, UK), CAMK4 (1:1000, OmnimAbs), TRM1 (1:1000, Abcam, Cambridge, UK), ERK (1:1000, Cell Signaling Technology, Beverly, MA), MITF (1:1000, Abcam, Cambridge, UK), TYR (1:1000, Abcam, Cambridge, UK), TYRP1 (1:1000, Abcam, Cambridge, UK), DCT (1:1000, Abcam, Cambridge, UK), and β‐actin (1:1000, CWBIO, Beijing, China). After the membranes were washed three times with TBST for 10 minutes and washed, they were incubated at 37°C for 1 hour with horseradish peroxidase‐conjugated secondary antibodies against rabbit or mouse IgG (1:10 000, Invitrogen). After the membranes were washed again with TBST six times for 5 minutes per wash, the bound antibodies were visualized using enhanced chemiluminescence. Immunoblots were scanned on a ChemiDoc XRS+ Imager (Bio‐Rad, Hercules, CA, USA), and protein levels were quantified with Image‐Pro Plus Software (Olympus, Tokyo, Japan).

2.5. Ca^2+^ imaging {#cbf3465-sec-0009}
-------------------

Ca^2+^ imaging was performed according to the manufacturer\'s instructions. Melanocytes were harvested and rinsed with phosphate‐buffered saline (PBS). Then, the melanocytes were labelled with Rhod‐3 (Invitrogen) for 1 hour at room temperature, washed with PBS three times for 5 minutes per wash, and incubated for 1 hour to de‐esterify the dye.[20](#cbf3465-bib-0020){ref-type="ref"} Labelled cells are subjected to live cell imaging with laser scanning confocal microscope (FV1000, Olympus, Japan).

2.6. Immunocytochemistry {#cbf3465-sec-0010}
------------------------

Melanocytes were washed three times for 3 minutes per wash with PBS, fixed in 4% paraformaldehyde for 20 minutes, and incubated at room temperature in 3% hydrogen peroxide for 15 minutes to block the action of the endogenous peroxidases. After three 5‐minute washes with PBS, the cells were immersed in bovine serum albumin (BSA) at 37°C for 25 minutes and incubated at 4°C overnight in rabbit anti‐SYT4 antibody solution. After three 5‐minute washes with PBS, the cells were incubated with horseradish peroxidase‐conjugated anti‐rabbit IgG for 30 minutes at 37°C and observed under a microscope (Leica Microsystems, Buffalo Grove, IL, USA). For the negative control (NC), IgG was substituted for the primary antibody.

2.7. Tyrosinase activity measurement {#cbf3465-sec-0011}
------------------------------------

Melanocytes were washed three times with PBS for 3 minutes per wash. Then, the cells were seeded into microtiter plates containing 100 μL of 1% Triton X‐100 in each well, and the plate was vortexed for 5 minutes. After a 1‐hour incubation at room temperature, 50 μL of 1% Levodopa was added (LJ350101; Cool Chemistry) and the plate was further incubated at 37°C for 2 hours. Tyrosinase activity was determined spectrophotometrically by measuring the absorbance at 460 nm.

2.8. Melanin measurement {#cbf3465-sec-0012}
------------------------

Melanocytes transfected with SYT4‐CDS and Sh‐SYT4 were harvested and rinsed with PBS. For the assay of the total alkali‐soluble melanin (ASM), 1 mL of 0.2M NaOH was added, and the absorbance of the solution was measured spectrophotometrically at 475 nm. For the assay of eumelanin (EM), the cells were hydrolysed in hot 30% hypophosphoric acid and hydriodic acid. After cooling, 50% ethanol was added, and the cell samples were centrifuged at 2, 234 *g* for 10 minutes. Insoluble eumelanic pigments were selectively solubilized in hot sodium hydroxide and hydrogen peroxide, and the solution was cleared by centrifuging it at 10 , 700 *g* for 1 minute. The absorbance of the supernatant was measured at 350 nm. For pheomelanin (PM) assay, the cells were solubilized in phosphate buffer (pH 10.5) and cleared by centrifugation at 10, 700 *g* for 10 minutes before the determination of the absorbance at 400 nm. The melanin levels were normalized to the total number of cells. All experiments were performed in triplicate.

2.9. Statistical analysis {#cbf3465-sec-0013}
-------------------------

Data related to the levels of mRNA, protein, tyrosinase activity, and melanin levels in the control and experimental groups were analysed using the Statistical Analysis System (GraphPad Prism 5). All experiments were repeated three times, and the data are expressed as the mean ± standard error (SE). Statistical comparisons between different treatments were performed using one‐way analysis of variance followed by a T test.

3. RESULTS {#cbf3465-sec-0014}
==========

3.1. The effect of SYT4 on the phenotypes of the melanocytes with the overexpression of SYT4 {#cbf3465-sec-0015}
--------------------------------------------------------------------------------------------

To investigate the effect of SYT4 on cell morphology, an immunocytochemistry method was used. The results showed that SYT4 immunoreactivity was observed in the cytoplasm of melanocytes, and it was stronger in melanocytes overexpressing SYT4 than in NC cells (Figure [1](#cbf3465-fig-0001){ref-type="fig"}A). At the same time, the melanocytes transfected with the NC plasmid showed a normal fusiform or polygonal shape, while the dendrites of melanocytes overexpressing SYT4 were obviously slender (Figure [1](#cbf3465-fig-0001){ref-type="fig"}B).

![The effect of SYT4 on cell morphology. A,Analysis of SYT4 protein expression in melanocytes transfected with SYT4 overexpressing plasmids using immunocytochemistry. B, Overexpression of SYT4 in alpaca melanocytes makes cell synapse slender](CBF-38-275-g001){#cbf3465-fig-0001}

3.2. The effect of SYT4 on free intracellular Ca^2+^ and the protein expression of the related genes {#cbf3465-sec-0016}
----------------------------------------------------------------------------------------------------

By calcium imaging, the fluorescence signal of Ca^2+^ in melanocytes overexpressing SYT4 was significantly stronger than that in the negative control (Figure [2](#cbf3465-fig-0002){ref-type="fig"}A), which indicated that SYT4 overexpression could upregulate free intracellular Ca^2+^. Furthermore, the protein expression of the genes related to Ca^2+^, CAMK4, and TRPM1 was unregulated, while that of p‐ERK was downregulated in the melanocytes overexpressing SYT4, compared with the expression of these proteins in the NC (Figure [2](#cbf3465-fig-0002){ref-type="fig"}B).

![Effect of the overexpression of SYT4 on calcium influx and Ca^2+^‐related protein expression levels in alpaca melanocytes. A, Overexpression of SYT4 in alpaca melanocytes promotes calcium influx. B , The results from the Western blot and abundance analyses of the protein expression of CAMK4, TRPM1, ERK in SYT4‐overexpressing melanocytes compared with that in the NC group. Data represent the mean ± standard error (n = 3). ^\*\*^ *P* \< .05. ^\*\*\*^ *P* \< .001](CBF-38-275-g002){#cbf3465-fig-0002}

3.3. The effect of SYT4 on the tyrosinase activity and melanins production {#cbf3465-sec-0017}
--------------------------------------------------------------------------

To determine whether SYT4 affected tyrosinase activity, tyrosinase activity was measured after SYT4 was overexpressed or knocked down in alpaca melanocytes. The results showed that the tyrosinase activity was increased by \>100% in alpaca melanocytes overexpressing SYT4 (Figure [3](#cbf3465-fig-0003){ref-type="fig"}A). To determine whether SYT4 affected melanins production, the production ofASM, EM, and PM was measured in alpaca melanocytes after SYT4 was overexpressed or knocked down. The results showed that the production of ASM, EM, and PM was significantly higher in melanocytes overexpressing SYT4 than that in NC cells overexpressing SYT4 (Figure [3](#cbf3465-fig-0003){ref-type="fig"}B). In contrast, the tyrosinase activity and the production of ASM, EM, and PM was significantly lower in melanocytes with SYT4 knocked down than that in the NC cells (Figure [3](#cbf3465-fig-0003){ref-type="fig"}C,D).

![Effects of SYT4 on tyrosinase activity and melanins production. A, Effect of SYT4 overexpression on tyrosinase activity in alpaca melanocytes. B, Effect of SYT4 overexpression on the production of ASM, EM, and PM in alpaca melanocytes. C, Effect of SYT4 knock down on tyrosinase activity in alpaca melanocytes. D, Effect of SYT4 knock down on the production of ASM, EM, and PM in alpaca melanocytes. Data represent the mean ± standard error (n = 3). ^\*\*^ *P* \< .05. ^\*\*\*^ *P* \< .001](CBF-38-275-g003){#cbf3465-fig-0003}

3.4. SYT4 regulated the expression of melanogenesis related genes in alpaca melanocytes {#cbf3465-sec-0018}
---------------------------------------------------------------------------------------

To explore the effects of SYT4 on melanogenesis in alpaca melanocytes, we investigated the expression levels of related genes. Overexpressed and knocked down SYT4 in melanocytes resulted in the increase and decrease of quantitative levels of mRNAs encoding MITF, and DCT, respectively (Figure [4](#cbf3465-fig-0004){ref-type="fig"}A). The results of the Western blot analysis showed that the expression of the MITF, TYR, TYRP1, and DCT proteins was significantly increased and decreased in melanocytes with SYT4 overexpressed or knocked down compared with that of the NC cell groups, respectively (Figure [4](#cbf3465-fig-0004){ref-type="fig"}B).

![Effects of SYT4 overexpression on the protein and mRNA expression levels of melanogenesis‐related genes in alpaca melanocytes. A, Results from the qPCR analyses of SYT4, MITF, and DCT mRNA expression in melanocytes with SYT4 overexpressed or knocked down compared with the expression in the cells of the NC groups. B, Results from the Western blot and abundance analyses of SYT4, MITF, TYR, TYRP1, and DCT protein expression in melanocytes with SYT4 overexpressed or knocked down compared with the expression in the cells of the NC group. C, Results from the qPCR analyses of SYT4, MITF, TYR, TYRP1 and DCT mRNA expression in melanoma B16‐F10 cells with SYT4 overexpressed and knocked down compared with the expression in the cells of the NC groups. D, Western blot and abundance analyses of SYT4, MITF, TYR, TYRP1 and DCT protein expression in B16‐F10 melanoma cells with SYT4 overexpressed or knocked down compared with expression in the cells of the NC groups. Data represent mean ± standard error (n = 3). ^\*\*^ *P* \< .05. ^\*\*\*^ *P* \< .001](CBF-38-275-g004){#cbf3465-fig-0004}

3.5. Verification of SYT4 in another melanoma cell line: B16‐F10 {#cbf3465-sec-0019}
----------------------------------------------------------------

To verify the effects of SYT4 on melanogenesis, SYT4 was overexpressed or knocked down in B16‐F10 cells. The expression of mRNAs of MITF, TYR, TYRP1, and DCT was detected. The results showed that the expression levels of these genes were significantly increased and decreased in B16‐F10 cells with overexpressed and knocked down SYT4 compared with that in the NC groups, respectively (Figure [4](#cbf3465-fig-0004){ref-type="fig"}C). Similarly, results from the Western blot analysis showed that the expression of MITF, TYR, TYRP1, and DCT proteins was also significantly increased and decreased in B16‐F10 cells with overexpressed and knocked down SYT4, respectively (Figure [4](#cbf3465-fig-0004){ref-type="fig"}D).

4. DISCUSSION {#cbf3465-sec-0020}
=============

SYT family members with C2 domains were found to be related to dendrite lengthening.[21](#cbf3465-bib-0021){ref-type="ref"} It has been reported that SYT14L containing the C2 domain induces significant elongation in dendrite length that was accompanied by the induction of melanocyte differentiation‐related markers, including those for [melanin synthesis](https://www.sciencedirect.com/topics/medicine-and-dentistry/melanogenesis), tyrosinase catalytic activity, and the expression of TYR, TYRP1, and DCT.[21](#cbf3465-bib-0021){ref-type="ref"} Here, we investigated whether SYT4 overexpression induced the morphological phenotype of dendritic extension and the action of the melanocytes.

In mammalian skin, melanins are transferred within melanosomes through melanocytic dendrites to epidermal keratinocytes, which gives rise to the observed pigmentation, and it has been reported that dendrite formation is promoted by increases in intracellular Ca^2+^ in human melanocytes.[22](#cbf3465-bib-0022){ref-type="ref"} Pigmentation can be regulated by Ca^2+^ influx via a transient receptor potential cation channel: the TRPM1 channel,[23](#cbf3465-bib-0023){ref-type="ref"} the downregulation of which has been correlated with a higher metastatic risk of skin melanoma.[24](#cbf3465-bib-0024){ref-type="ref"} Based on the results of the Rhod‐3 calcium imaging kit, the Ca^2+^ influx was observed to be greater in melanocytes overexpressing SYT4. The results suggested that the opening of TRPM1 was promoted by SYT4 to increase free intracellular Ca^2+^. Therefore, SYT4 induced Ca^2+^ to play important roles in the extended dendrites of melanocytes, which are responsible for melanogenesis. In turn, we found that an increase in the amount of Ca^2+^ in the melanocytes, as induced by SYT4, led to upregulated CAMK4. The CAMK4/CREB cascade forms a signalling pathway in some cells, such as β cells[16](#cbf3465-bib-0016){ref-type="ref"} and neurons,[17](#cbf3465-bib-0017){ref-type="ref"} according to the extent by which CAMK4 phosphorylates CREB. In an interesting finding, SYT4 interacted with ERK and positively regulated p‐ERK expression. The ERK signalling pathway may negatively affect the melanogenesis[23](#cbf3465-bib-0023){ref-type="ref"}, [25](#cbf3465-bib-0025){ref-type="ref"} induced by the p53‐POMC‐MC1R signalling cascade to enhance the phosphorylation levels of ERK1/2 and CREB.[26](#cbf3465-bib-0026){ref-type="ref"} CREB activates the transcription of MITF, which consequently triggers the transcription of the downstream melanogenic genes TYR, TYRP1, and DCT,[18](#cbf3465-bib-0018){ref-type="ref"} causing increases in the melanin content. However, TRPM1 expression was regulated by MITF in melanocytes.[27](#cbf3465-bib-0027){ref-type="ref"} Thus, SYT4 regulated melanogenesis by a crosstalk.

5. CONCLUSION {#cbf3465-sec-0021}
=============

Taken together, the findings indicate that SYT4 overexpression causes a positive loop depended on Ca^2+^ influx, a key factor that is regulated by TRPM1. Such functional morphological changes in the melanocytes of skin melanoma and the colour formation in hair and skin share the similar molecular mechanisms (Figure [5](#cbf3465-fig-0005){ref-type="fig"}).

![Graphic showing the signalling pathway by which SYT4 regulates melanogenesis via Ca^2+^ influx](CBF-38-275-g005){#cbf3465-fig-0005}
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